Information on marine litter in general and beach litter in particular from Sudan and to some extent from the Red Sea region is insufficient. e aim of this study is to assess the beach litter composition, distribution, and abundance in some selected beaches of the World Heritage Site of Dungonab Bay and Mukkawar Island National Park (DMNP) located in Sudan, Red Sea coast, and to examine the rate of beach litter flux and the cleanliness of its beaches in order to provide baseline information for beach litter management at DMNP. A total of 6 sites were investigated for beach litter over a 10-month period from January to October 2017 on a quarterly basis. A total of 24 collections of beach litter were performed covering a stretch of 600 m or 7700 m 2 of DMNP coastline. In total, 3037 beach litter items were collected during the study time from DMNP with an overall average of 506.2 ± 409.8 items/100 m (0.4 items/m 2 ). Plastic beach litter was the most abundant (1738 items), constituting 57.23% with an average density of 289.7 ± 242.2 items/100 m (0.23 items/m 2 ). e beaches of DMNP were clean (CCI � 4.6) at the time of the study. e rate of flux of the beach litter decreased steadily from 21.9 to 16.43 items/100 m/day with an overall average of 18.82 ± 2.8 items/100 m/day. e gradual decrease in the net accumulation of beach litter over the period of the study suggests that the beach litter at DMNP was likely of a local land-based origin and the beaches of DMNP are not a potential sink of marine litter. e determination of the rate of flux of beach litter is a reasonable indicator of the dynamics of beach litter in DMNP. Accordingly, application of preventive measures accompanied with awareness activities and investment in plastic collection and recycling would further enhance and preserve the present status of beach cleanliness and encourage tourism activities.
Introduction
Beach litter is widely spread throughout the globe, and its impact on coastal ecosystems biodiversity and services is being evidenced by the growing volume of research on this issue [1] . erefore, it represents a difficult management issue particularly in marine protected areas [2, 3] . In these areas, littering from visitors significantly degrades the visual amenity of very attractive land and sea escapes imposing huge economic impacts on local economy, coastal tourism, and other key industries such as fisheries [4, 5] . Eventually, the main purpose of establishing marine protected areas would be undermined.
Beaches of marine national parks and of world heritage sites, even the remotely located ones, are reported to be littered with debris [5, 6] . For instance, marine debris was found in all beaches surveyed in five coastal National Park Service units in Alaska with plastic representing 60% of the debris collected [3] .
Information on marine litter in general and beach litter in particular from Sudan and to some extent from the Red Sea region is insufficient. Nevertheless, the studies performed were undertaken in marine national parks or in recreational beaches. Consequently, the recreational activities were identified as one of the major sources of benthic and beach litter. One study in Obhur beach near Jeddah city of Saudi Arabia recorded that the density of the beach litter was in the range of 1.72 to 12.54 items/m [7] and identified recreational activities and fishing as the main source of litter. Also, the density of benthic litter in Aqaba Marine National Park was estimated to range from 1 to 6 items/m 2 with an overall mean density of 2.8 items/m 2 [8] . Similar values of marine litter densities were also obtained for coral reef areas along the Jordanian coast of the Gulf of Aqaba with an overall mean density of 2 items/m 2 in 2011 [9] . South of Aqaba, the overall mean densities of the marine litter were about 5 and 3 items/m 2 in 1994 and 1995, respectively [10] . ese values are, in particular, the first two, comparable with the average litter densities reported for the countries of the Adriatic and Ionian macroregions which ranged from 0.22 to 2.9 items/m 2 [11] . Records from the Mediterranean Sea showed temporal and special variations in beach litter composition and densities. Nachite et al. [12] reported that the mean litter concentration along the Mediterranean beaches of Morocco had an average value of 390.8 ± 255.3 items/100 m, or 0.054 ± 0.036 items/m 2 with lower concentrations for rural areas compared to urban areas. In the same line, the study of Asensio-Montesinos et al. [13] from the Spanish Mediterranean coast has indicated that litter abundance and density related to beach users activities recorded in autumn were greater than in spring, particularly at urban and resort beaches.
Along the Sudanese Red Sea coast (≥750 km in length), more than 6 marine protected areas with unique marine life components have been proposed or established. Recently, in 2016, Dungonab Bay-Mukkawar Island Marine National Park (DMNP) and Sanganeb Atoll Marine National Park (SAMNP) were inscribed as world heritage sites (WHS) by UNESCO.
Despite the high ecological and socioeconomic value of DMNP, its coastal area is visibly littered with solid wastes even in its remote beaches where no settlements are found. Beaches and mangrove stands are noticeably polluted with plastic wastes and, to a lesser degree, other kinds of solid waste despite the fact that Sudanese Red Sea coast is sparsely and lightly inhabited. is situation could possibly be aggravated by the expected increase in visitor numbers to DMNP as a world heritage site.
is study is meant to contribute to the understanding of the nature and scale of the beach litter issue at DMNP in order to provide evidence-based information for its management and for the sustainability of the DMNP as WHS. e aim of this study was to assess the beach litter composition, distribution, and abundance in some selected beaches in the WHS of DMNP and to evaluate the cleanliness of its coasts in order to provide baseline information for beach litter management at DMNP.
Materials and Methods

Study
Area. DMNP is one of the two marine protected areas established in the Red Sea State (Sudan), in 2004, and was inscribed as a WHS in 2016 for its outstanding marine biodiversity and cultural values. e southern boundary of DMNP is approximately 125 km north of Port Sudan harbour. DMNP's total area is around 2800 km 2 , of which 800 km 2 is coastal land and 2000 km 2 is seawater. e MPA extends a straight-line distance of approximately 70 km north-south and slightly over 40 km east-west at its widest point. e total length of the coastline in DMNP, including Dungonab Bay and Peninsula and the major islands, is over 200 km.
Dungonab Bay is a shallow water basin partially enclosed by the long, narrow spit of Dungonab Peninsula. Dungonab Bay is approximately 13 km across at its southern end and extends 31 km from north to south, enclosing a total area of 284.5 km 2 . Mukkawar is an uninhibited rocky island (c. 100 m) located 30 km offshore of Dungonab Peninsula.
DMNP is located in a remote rural area, sparsely inhibited with a population of around 2000 people living in several small villages, most of which are located upland. Dungonab and Mohamed Gol villages are the main coastal settlements within DMNP boundaries. e major economic activity is artisanal fishing complemented with other artisanal practices such as sea shell gleaning and animal husbandry. Figure 1) with different types and level of human activities were sampled. e sites were selected to represent most of the coastline of DMNP with due care to site accessibility, exposure degree, and usage/activities. Most beaches in DMNP are sandy to sandy/muddy backed by cliffs in the northern parts or dunes in the southern parts.
Sampling Sites. Six sites (Table 1 and
Shanaab
Bay. Shanaab Bay is located very close to the northern outer boundary of DMNP, and it has a high aesthetic value for the tourism industry. It is known as a nurture place of unique aggregations of dugong due to the extensive seagrass meadows and the tranquility of the site. e beach is sandy, roughly 20 m in width, backed by dunes and cliffs in some spots. It has been estimated that around 200 peoples live in Shanaab and most of them are fishers.
DokanAlyamani.
DokanAlyamani is a very popular spot within Shanaab Bay. It is a camping and landing site for both local and amateur fishers who access fishing ground north of DMNP. e beach is ≥20 m in width backed by a sabkha. No permanent settlement exists around the site.
Dungonab Village. Dungonab
Village is located at about 165 km north of Port Sudan harbour within Dungonab Bay. It accommodates about 97 houses with around 800 persons and most of them are fishers. Sand/muddy beaches are common along the flat coast of the village except at the mouths of the seasonal streams where muddy beaches are common. e width of the beach varies from 5 to 11 m. e village is underprivileged in some basic services including the waste management system; therefore, waste generated is dump on the ground in the open spaces. Nevertheless, the village has recently become a popular visitor's site for Port Sudan and some of the Khartoum residents who come for fishing or holidays.
Cleaning Area. Cleaning Area is located at the downstream of Dungonab Village where the Pearl Oyster
Company is used to clean the oyster shells. e beach is flat and sandy extending 8 m at its widest point. e area has been deserted for more than 10 years.
Toytoy.
Toytoy embayment is an uninhibited picnic site located north of Mohamed Gol village. e site has an attractive sea escape with a sandy beach ≥15 m in width.
Mohamed Gol Jetty.
Mohamed Gol Jetty is situated at the old location of Mohamed Gol village which has been relocated upland about 3 km north of the jetty. e village is approximately inhabited with 720 people; most of them are fishers still using the jetty as a landing site. e site is located at the mouth of a seasonal stream and backed with salt marsh vegetation. e beach is flat, extending for about 10 m, and the sediment is generally of fine sand texture.
Methods
e guidelines for coastal marine litter assessment described in PERSGA [14] were followed to design the overall methodological framework. Sampling was performed by the same team throughout the study to ensure sampling objectivity.
A total of 6 sites were investigated for beach litter over a 10-month period from January to October 2017. Each station was sampled on a quarterly basis 4 times every 3 months. In total, 24 collections of beach litter were performed covering a stretch of 600 m or 7700 m 2 of DMNP coastline.
Composition and Density of Beach Litter.
At the beach of each site, the start and end points of a stretch of 100 m in length parallel to the water line were marked with short PVC tubes hammered in the sand. ese points were placed immediately above the high water mark as indicated by the strandline. e width of each sampling unit was also measured toward the back of the beach which is determined by natural features such as cliffs or salt marsh vegetation. A reference point at the start of the sampling area was taken with GPS. All beach litter items falling within the range of 0.5 to ≥2 cm in its longest dimension present within the sampling area were collected, sorted, counted, cleaned of adhering sand, dried if required, and weighed. Litter collected was sorted into 10 categories (plastics, fishing gears, metals, glass, wood, textile, food wrappers/pack, cigarette butts, cigarette lighters, and others). e category of others included the following: cartoons, paper bags, paper cups, paper plates, tobacco backing/wrap, paint brush, battery, palm basket, devices, and building materials. Beach litter densities, weights, and percentages were calculated per 100 m stretch and per unit area (m 2 ).
Rate of Flux.
e rate of beach litter flux at the beaches of DMNP was determined as outlined by Cheshire et al. [15] for the study period (9 months, 273 days), i.e., the amount of litter arriving at a given length of cleaned beach over a given period of time expressed as (unit quantity of litter) per (unit length of beach) per (unit time). (CCI) . Cleanliness of DMNP beaches was assessed following the method of assessing beach cleanliness described in Alkalay et al. [16] who developed the Clean Coast Index (CCI) which is estimated as follows: CCI � C M * K,where C M is the density of plastic litter items per m 2 and K is a constant that equals to 20. e assessment of the cleanliness of DMNP beaches was based on the CCI scale (0 to 2 indicate very clean beaches, 2-5 clean, 5-10 moderately clean, 10-20 dirty, and >20 extremely dirty).
Coast Cleanliness Index
Results
e composition of beach litter in the study sites is shown in Table 2 . Plastics (57.23%), processed/worked wood (12.6%), and fishing gears (8.5%) were, respectively, the most abundant litter in DMNP. Textile (5.5%) was the fourth abundant marine litter class, followed by food wrapper/pack (3.9%) and metals (3.4%). e composition, abundance, and distribution of beach litter varied between the study's sites (Table 3) . Plastics, wood, food wrapper/pack, and cigarette butts were recorded in all study sites (Table 3 ). However, fishing gears, metal, and textile were not found in Shanaab, whereas metal, glass, and textile were not recorded in the Cleaning Area.
ough Toytoy beach contained all the beach litter classes examined in this study, their densities were comparatively low (167 items/100 m). e weight (litter mass) of the total beach litter collected from the individual sites varied considerably from 12.1 to 333.96 kg/100 m ( Table 3 ). e total mass of the litter collected was 369.25 kg/100 m.
In total, 3037 beach litter items were collected during the study time (Jan to Oct 2017) from DMNP (Table 4 ). e abundance of total beach litter varied between and within the 6 sites surveyed. With regard to the density of beach litter, the highest value was recorded in Mohamed Gol Jetty (940 ± 146.8 items/100 m), Dungonab Village (895 ± 82.8 items/100 m), and DokanAlyamani (797 ± 146.3 items/ 100 m), respectively (Table 4 ). e lowest beach density in 100 m stretch of the beaches surveyed were recorded for the Cleaning Area (101 items/ 100 m), Shanaab (137 items/100 m), and Toytoy (167 items/ 100 m), respectively. Individual site beach litter density per unit area varied from a minimum of 0.048 items/m 2 at Shannab and the Cleaning Area to a maximum of 1.3 items/ m 2 at Mohamed Gol Jetty with an overall density of 0.4 items/m 2 for DMNP.
Similarly, the density of plastic litter (1738 items) varied remarkably from 46 to 560 items/100 m with an overall average of 289.7 ± 242.2 items/100 m for DMNP. Plastic beach litter represented 57.23% of the total beach litter collected from DMNP and formed a remarkable amount of the beach litter collected at Shanaab (70.1%), though the overall density of the beach litter of this site was comparatively low (137 items/100 m). e lowest plastic volume (43.11%) was reported at Toytoy.
Generally, the beaches of DMNP were clean at the time of the study ( Table 5 ). In line with the composition and density of beach litter, the individual beaches of DMNP were very clean (Shanaab, Toytoy, and Cleaning Area) moderately clean (DokanAlyamani), and dirty (Dungonab Village and Mohamed Gol Jetty).
Rate of Flux.
e accumulation of beach litter at DMNP decreased steadily during the study from 21.9 to 16.43 items/ 100 m/day with an overall average of 18.83 ± 2.8 items each day in 100 m stretch of beach (Table 6 ). In contrast to this, accumulation of litter on individual beaches fluctuated over the study period except for Dungonab Village where an apparent decrease in litter accumulation was evident. e minimum rate of beach litter accumulation was recorded at the Cleaning Area (0.28 ± 0.15 items/100 m/day), and the maximum rate was that of Dungonab Village (6.52 ± 2.5 items/100 m/day).
Discussion
In general, the composition of beach litter in DMNP is fairly comparable to the composition of beach litter reported for other coastal areas such as Aqaba [8] and the Turkish Sarayköy Beach [17] . In this study, plastics were the most abundant litter recorded from all study sites and this is in agreement with previous reports [11, 13, 18, 19] .
At the time of this study, the top beach litter categories in DMNP were plastics, wood, fishing gears, and textile, respectively. ese litters seem to originate from land-based activities of DMNP residents and visitors. Due to absence of proper landfills, dumped waste eventually reaches the marine environment with surface runoff. Processed/worked wood fragments seem to originate from the ongoing gradual replacement of wooden fishing boats by fiberglass ones as well as the changeover from wood as housing building material to concrete. Consequently, the present ranking of wood as a beach litter category in DMNP may probably differ sometime in the future. In fact, it is likely that the presence of wood as a beach litter with remarkable density at the beaches near the major settlement in DMNP is an indication of the changes in the living conditions at DMNP. Similarly, the present abundance of food wrapper/pack and cigarette butts could also be considered as an indication of future socioeconomic changes in DMNP. ese items are considered as an indication of community consumption culture [20] and visitors regularity [2, 7] . Both items were the top two beach litter items reported by the Ocean Conservancy in 2017 coastal clean-up campaigns [21] . e overall average density of beach litter in DMNP is comparable with those reported for beach litter from the Mediterranean as recorded by Vlachogianni et al. [11] . For instance, this is comparable with the average densities in Ipsos and esprotia (Greece) with the average number of items being 455 items/100 m (0.91 items/m 2 ) and 426 items/ 100 m (0.43 items/m 2 ), respectively, Bele Skale (Slovenia) with 490 items/100 m (0.49 items/m 2 ), and Neretva (Croatia) with 479 items/100 m (0.48 items/m 2 ). Furthermore, the average litter densities of the beaches under investigation (25.3 to 235 items/100 m) were also comparable with those reported by Vlachogianni [6, 11] for some beaches in the Mediterranean Sea. However, this comparison should be taken with some caution considering the environmental, cultural, and socioeconomic differences between the two coastal regions of the Red Sea and the Mediterranean Sea with regard to coastal population size, urbanization, river inputs, economic growth, and frequency of beach clean-up events. However, it should be taken into account that this is the first time ever to collect and assess beach litter in DMNP, so the present values of the densities of beach litter in DMNP may represent the litter that had accumulated for many years.
Generally, the litter mass followed the same trend of litter abundance, i.e., high litter masses were recorded from beaches with high litter abundance. Differences in litter weights could be attributed to the difference in litter materials. For example, the weight of plastics litter items varied considerably according to the type of plastic regardless of the quantity collected. e remarkable density of beach litter in DokanAlyamani reflects the ongoing recreational activities in the site.
is is in agreement with Kitto et al. [7] , Jayasiri et al. [22] , International Journal of Ecology and Nachite et al. [12] who reported that coastal recreational activity produces most of the beach litter. e beach litter in DokanAlyamani represented 26.24% of the total litter in DMNP, while that of Mohamed Gol Jetty and Dungonab Village represented 30.9% and 29.5%, respectively, of the total litter volume. is may probably suggest that temporal activities such as recreational fishing could generate significant amount of litter comparable to that produced by continued activities. erefore, special waste management measures should be undertaken to manage beach litter in these sites particularly in those within the boundaries of marine protected areas. e lowest density of beach litter was recorded in the Cleaning Area. It is highly likely that these litter items were transported by wind and/or sea currents to the site from the village of Dungonab due to absence of any human activity in the place. Transportation of litter by wind and by surface sea currents is extensively documented [19, [23] [24] [25] .
is is supported by the vast reduction in the total litter items collected in the successive sampling from 75 items/100 m in the first time to only 9 items/100 m in the next sampling after 3 months.
Beach litter density per unit area in DMNP beaches seems to be lower than those reported for a selected beach in the Southeastern Black Sea (1.22-4.17 items/m 2 ) recorded by Aytan et al. [17] . Once more this comparison should recognize the socioeconomic and cultural differences between the two regions. e comparatively low percentage of plastic litter obtained here does not entirely corroborate with the extensively reported dominance of plastics (70% to 100%) in beach litter recorded from around the globe [26] [27] [28] . is may propose that plastic litter may not necessarily form the major constituent of beach litter in rural remote areas such as DMNP as has been reported in some studies [17, 29] . In such low-income areas, most of the solid waste in general and in particular some plastic waste are reused by the community in different ways depending on the type and form of the plastic litter item. For example, plastic water bottles are collected and reused as a container to sell small volumes of cooking oil, home-made ghee, camel milk, car engine oil, etc., by home-based and small businesses. Fishing nets, though not so commonly used due to their unaffordable price, are repaired and maintained for longer time. Even single-use plastic bags are often used at least for a second time before disposal and were also made into handcrafts. Durable plastic bags such as packages of sugar and flour are collected and sold in the markets to be reused again for example as lining of roofs and walls of the wooden houses and shelters or to make smaller carrying bags used for different purposes.
is may, to some extent, delay the disposal of these wastes into the environment for some time at least until it starts to degrade, therefore reducing the overall amount of plastic litter disposed into the environment.
During this study, the density of beach litter has decreased significantly subsequent to the first collections in all sites. While Dungonab Village showed gradual decrease in the abundance of beach litter and the rate of flux over the study time, other beaches exhibited a similar trend but with increase either in July (Shanaab, Cleaning Area) or October (DokanAlyamani and Mohamed Gol Jetty) with the commencement of fishing season. On the other hand, at the recreational beach of Toytoy, the abundance of beach litter and the rate of flux were comparatively higher in coincidence with suitable weather conditions allowing for picnicking. In this beach, the abundance of beach litter was higher in July and April compared to January and October.
is is corroborated with the apparent low rate of flux in DMNP throughout the study time. e present rates of flux revealed an inconsistency in the accumulation of beach litter over time at DMNP beaches, possibly due to local factors such as beach uses and oceanographic drivers playing role in marine litter distribution. e present beach litter rates of flux at DMNP were lower than those reported for the beaches of Corfu Island (N. Ionian Sea). ere, the average net accumulation rate on all beaches was found to be 142 ± 115 N/100 m/15 d [30] and that of the individual beaches was in the range of 77 ± 46 items/100 m/15 d to 190 ± 96 items/100 m/15 d.
Against such background, it could be possible to suggest that the beach litter at DMNP is mainly of a local land-based origin and that beaches of DMNP are not a potential sink of beach or marine litter. ough further comprehensive investigation is required to affirm this information, it is of great importance for introduction of beach litter management measures in DMNP. A community-driven preventive management measure based on the cultural attributes of the local community such as the present reuse culture would greatly help in reducing the amount of litter disposed to the beaches of DMNP and in encouraging the community to International Journal of Ecology further invent more reuse practices in favour of waste reduction.
Conclusion
Within the context of this study, we tend to consider that the abundance of cigarette butts and food wrapper could reasonably be used as indicators of socioeconomic changes in DMNP.
Coastal rural communities in remote areas in developing countries with low consumption of manufactured goods may have more valuation for materials which is manifested in their voluntary reuse behaviour.
is is likely to contribute to lesser waste production and in the long term to beach litter management.
We also concluded that determination of the rate of flux and the clean coast index are preliminary reasonable indicators of marine litter dynamics and could be of importance to the evaluation of beach litter management. e findings of the study indicated that the issue of beach litter in DMNP is still manageable, and application of preventive measures accompanied with awareness activities and investment in plastic recycling at the community level would further enhance and preserve the present status of beach cleanliness and encourage tourism activities.
However, it is highly recommended to establish and maintain beach litter monitoring programmes to generate evidence-based and scientifically sound information on litter source/sink, spatiotemporal abundance, and the rate of flux for national, regional, and global management levels.
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